Introduction
Studies on associating air pollution with cerebrovascular mortality have been conducted in several countries. In a study in the Netherlands, short-term exposure to sulphur dioxide (SO 2 ), carbon monoxide (CO), and ozone (O 3 ) was found to be significantly associated with cerebrovascular mortality [International Classification of Disease, 9th revision (ICD-9), 430-436]. 1 Two studies conducted in Seoul, Korea reported that acute effects of air pollutants including particulate matter with diameter ,10 mm (PM 10 ), nitrogen dioxide (NO 2 ), SO 2 , CO, and O 3 were all significantly associated with haemorrhagic and ischaemic deaths (431 and 434 by ICD-9 and 161 and 163 by ICD-10) 2 and stroke mortality (160-169 by ICD-10). 3 One study in Shanghai, China showed that PM 10 and NO 2 were significantly associated with acute stroke mortality (ICD-9, 430-438). 4 However, one study in Hong Kong found no association between air pollution and cerebrovascular mortality (ICD-9, 430-438). 5 In addition to the mortality studies on the association between air pollution and cerebrovascular diseases, several recent studies were also performed to associate hospital admissions for cerebrovascular diseases with urban air pollution in USA, European, and Asian countries. One study conducted in nine US cities showed that acute exposure to PM 10 , CO, NO 2 , and SO 2 was significantly associated with hospital admission for ischaemic stroke [International Classification of Disease, 9th revision-Clinical Modification (ICD-9-CM, 434)]. 6 Three studies in Europe showed that cerebrovascular admissions [ICD-9, 430-438; ICD-9, 430-436; and 160-169 by the International Classification of Diseases, 10th revision (ICD-10)] were significantly associated with short-term effects of NO 2 7,8 and PM 10 . 9 One study in Asia reported significant associations between acute exposure to PM 10 , NO 2 , SO 2 , CO, and O 3 and both primary intracerebral haemorrhage (ICD-9, 431-432) and ischaemic stroke (ICD-9, 433-435) admissions. 10 However, some other studies failed to identify significant associations between air pollution and cerebrovascular admissions (ICD-9, 430-438). 11, 12 Apparently, the association between air pollution and mortality and hospital admissions for cerebrovascular diseases and strokes remained inconclusive because there were no consistent findings on their associations in previous studies. To shed light on this unanswered question, we conducted this study to investigate whether air pollution was associated with hospital admissions for cerebrovascular diseases (ICD-9-CM, 430-437) in general and strokes (ICD-9-CM, 430-434) in particular among adults aged above 50 over the 6-year period from 1997 to 2002 in Taipei, Taiwan.
Methods Emergency admissions for cerebrovascular diseases
Our emergency admission data were collected from the National Taiwan University Hospital (NTUH), which is a major medical centre with 2000 beds in Taipei metropolitan areas and serves as a major emergency care centre for all residents in the areas. The population in Taipei metropolitan area, which is situated in northern Taiwan and covers an area of about 1050 km 2 , was approximately 5.91-6.10 millions from 1997 to 2002. 13 Our outcome variables in this study include admissions for cerebrovascular diseases (ICD-9-CM, 430-437), strokes (ICD-9-CM, 430-434), haemorrhagic stroke (ICD-9-CM, 430-432), and ischaemic stroke (ICD-9-CM, 433-434). We obtained all electronic medical records of daily emergency admissions for cerebrovascular diseases from 12 April 1997 to 31 December 2002 to match with the available air pollution data in the same period for further analysis. Each medical record included a patient's admission date, age, sex, and address in addition to discharge diagnoses and diagnostic code of cerebrovascular admissions from ICD-9. Our study population was limited to adults aged above 50 during their admissions because they have been reported to have higher incidence of cerebrovascular diseases than younger population aged below 50 in Taiwan. 14 All haemorrhagic and ischaemic stroke cases admitted to the NTUH were evaluated by the standardized diagnostic criteria, i.e. the National Institute of Health Stroke Scale (NIHSS) score, 15 computed tomography, and/or magnetic resonance tomography, before they were given ICD-9 codes. Such a procedure improved the accuracy of coding different types of stroke by the ICD-9 system in the NTUH.
Environmental data
Sixteen monitoring stations operated by the Taiwan Environmental Protection Agency spread around the Taipei Metropolitan area and measure hourly data of air pollution and temperature. Five air pollutants, including NO 2 , SO 2 , O 3 , CO, and PM 10 , are measured to track trend of air quality in Taipei in all 16 monitoring stations. Two of these 16 stations measure particulate matter with aerodynamic diameter ,2.5 mm (PM 2.5 ) since 12 April 1997. Accordingly, our study period was limited to 2090 days from 12 April 1997 to 31 December 2002 when the air pollution data of all six pollutants were available. The measured environmental data were used to represent average ambient concentrations in the region using the following procedures. Daily environmental data were summarized by 24 h arithmetic averages (noon-to-noon) of temperature, temperature range, dew point temperature, PM 2.5 , PM 10 , NO 2 , and SO 2 concentrations, and maximum values of 8 h CO concentrations and 1 h O 3 concentrations for each monitoring station. These environmental data in each monitoring station were then averaged across all 16 monitoring stations to represent daily air pollution situations in the entire Taipei metropolitan areas.
Modelling approach
Because emergency admissions to hospital for any diseases were naturally rare events, we chose the Poisson models as an appropriate approach to perform data analysis in our study. We first constructed a base model with potential confounders, 16 including three time-trend variables, which were year, month, and day-of-week, and three temperature variables, which were daily temperature, daily temperature difference between minimum and maximum temperatures, and dew point temperature, to predict daily emergency admissions for cerebrovascular diseases. Generalized additive models (GAMs) were used to adjust for non-linear relation between confounders and emergency admissions. 17 Smooth function in GAM was used to control temperature effects and time-trend variables in our models. The general form of our base model is log(E(Y t )) ¼ aI t þ bX t . Y t , which obeys Poisson distribution with parameter m ¼ E(Y t ), represents hospital emergency admissions on day t in the equation. I t is a matrix containing the time function of year, month, and day-of-week. X t is the temperature covariate matrix containing three temperature variables. The matrices of a and b are coefficients for covariate matrices I t and X t , respectively. We then built single-pollutant models by adding to the base model, one by one, data regarding air pollution levels for each of six air pollutants lagged 0 to 3 days. As previous study indicated that the increased mortality or hospital admissions were associated with high air pollution levels on the same day or the previous 2 days, 18 we used the cumulative lag up to 3 days in our models. The assumption of the linearity between the log of emergency admissions and air pollution was graphically analysed by using the locally weighted running-line smoother (loess) for smoothing function. 19 The air pollutants, whose odds ratios (ORs) and 95% confidence intervals (CIs) for interquartile range (IQR) change in pollution levels less than a significance level of 0.05 in the single-pollutant models, were considered for further analyses in our multi-pollutant models. When there were several significant ORs at different day lags for one specific air pollutant, we used only the one with the maximum OR and combined the air pollutants with the same or shorter time lags together in our multi-pollutant models. A significance level of 0.05 with two-sided distribution was used to determine statistical significance in our models. Finally, we examined residuals plots to check the residuals' autoregressive effects and determine whether autoregressive terms should be added to remove serial correlations between the repeated daily measures in all single-pollutant and multi-pollutant Poisson models. The selection criterion of goodness-of-fit was assessed using Akaike's information criterion. 20 
Results
There were 8582 cerebrovascular admissions in NTUH between 12 April 1997 and 31 December 2002. Among them, there were 7341 cerebrovascular patients aged above 50 (mean age 69.7, standard deviation 9.9, and range 50-100 years), which accounted for 85% of total cerebrovascular admissions. Among the 7341 adult cerebrovascular patients, there were 690 cases of haemorrhagic stroke and 1494 cases of ischaemic stroke. The gender ratio of cerebrovascular patients between male and female was 3/2. As shown in Table 1 , daily emergency admissions in NTUH averaged at 3.5 cerebrovascular admissions, 1.0 stroke admission, 0.3 haemorrhagic stroke admission, and 0.7 ischaemic stroke admission for adults aged above 50 during the study period. Daily ambient temperatures and air pollution levels also varied significantly during this period in Taipei. During the 2090 days of our study period, daily temperatures fluctuated between 7.9 and 33.58C, and ambient air pollution levels differed by nine times for CO, 20 times for O 3 , 15 times for PM 2.5 , 10 times for PM 10 , and 40 times for SO 2 . The IQRs of these environmental data, which were used for calculating ORs in the Poisson regression models, were 8.18C for daily temperature, 4.28C for daily difference in temperature, 6 10 showed no significant correlation between these four air pollutants except PM 10 and PM 2.5 (r ¼ 0.61) ( Table 2 ).
Our base model without air pollutants contained only four key factors, including long-term trend of year and month, short-term temporal variation of day-of-week, and 1-day lagged daily averaging temperatures. By adding individual air pollutants at 0-day to 3-day lags to our single-pollutant models, we found only O 3 , CO, PM 2.5 , and PM 10 at certain day lags were associated with emergency admissions for cerebrovascular diseases among 72 single-pollutant models. There were positive trends in the emergency admissions for cerebrovascular diseases and NO 2 and SO 2 concentrations, although their associations were not statistically significant. As shown in Table 3 , O 3 lagged 0 day, CO lagged 2 days, PM 2.5 lagged 3 days, and PM 10 lagged 3 days were significantly associated with cerebrovascular admissions, whereas CO lagged 2 days was significantly associated with admissions for strokes. None of the air pollutants was associated with emergency admissions for either ischaemic stroke or haemorrhagic stroke in single-pollutant models. Although the ORs for ischaemic and haemorrhagic strokes were not significant, it is apparent that all ORs for ischaemic stroke were greater than 1, with relatively few ORs for haemorrhagic stroke being greater than 1.
As shown in Figure 1 , the highest ORs for each IQR increase in these four air pollutants were O 3 lagged 0 day (OR ¼ 1.031; 95% CI ¼ 1.008-1.054), CO lagged 2 days (OR ¼ 1.033; 95% CI ¼ 1.010-1.056), PM 2.5 lagged 3 days (OR ¼ 1.021; 95% CI ¼ 1.005-1.037), and PM 10 lagged 3 days (OR ¼ 1.030; 95% CI ¼ 1.011-1.049). These four air pollutants at specific day lags were then combined together to construct to our multi-pollutant models. Neither NO 2 nor SO 2 was considered in our multi-pollutant models because none of them was significantly associated with emergency admissions for cerebrovascular diseases.
To avoid collinearity due to high correlation, PM 10 and PM 2.5 were fitted separately to our multi-pollutant models. The ORs of emergency admissions for cerebrovascular diseases per IQR change in CO, O 3 , PM 2.5 , and PM 10 by twopollutant and three-pollutant models were summarized in Table 4 . CO lagged 2 days remained the strongest association with emergency admissions for cerebrovascular diseases among the four air pollutants after controlling other pollutants in multi-pollutant models. The OR was about 1.031 per IQR change in CO concentrations in both two-pollutant and three-pollutant models. The association between O 3 lagged 0 day and emergency admissions for cerebrovascular diseases was significant in two-pollutant models, but marginally significant in three-pollutant models. Both PM 2.5 lagged 3 days and PM 10 lagged 3 days became marginally associated with emergency admissions for cerebrovascular diseases in two-pollutant model, but not in three-pollutant model. As expected, low temperature was significantly associated with increase in emergency admissions for cerebrovascular diseases. The ORs per IQR change in temperature were approximately 0.927 in both two-pollutant and three-pollutant models. We did not apply two-pollutant or three-pollutant models to analyse emergency admissions for haemorrhagic or ischaemic stroke in this study, because no air pollutant was significantly associated with outcomes in single-pollutant models. 
Discussion
In general, our results suggested that urban air pollution with mixtures of both gaseous and particulate air pollutants was associated with emergency admissions for cerebrovascular diseases. The three air pollutants responsible for cerebrovascular admissions in our single-pollutant models, i.e. PM 10 , O 3 , and CO, were generally consistent with the air pollutants reported in previous studies on cerebrovascular morbidity ( Table 5) . For example, hospital admissions for cerebrovascular diseases were reported to be associated with PM 10 in Birmingham of UK and Kaohsiung of Taiwan, 9, 10 with CO in Valencia of Spain and Kaohsiung of Taiwan, 7, 10 and with O 3 in Kaohsiung of Taiwan. 10 PM 2.5 , which has not yet been reported in previous studies, was found to be associated with cerebrovascular admissions in our study. In contrast, NO 2 , which was associated with cerebrovascular admissions in several previous studies, 7, 8, 10 was not significantly associated with the cerebrovascular admissions in our study. The reason for the absence of an association with NO 2 with cerebrovascular diseases in this study is probably that NO 2 is highly correlated with PM 10 (r ¼ 0.64) and CO (r ¼ 0.77) in Taipei during the study period. In particular, our two-pollutant models showed that two gaseous air pollutants, i.e. O 3 and CO, were more significantly associated with cerebrovascular admissions than two particulate pollutants, PM 10 and PM 2.5 . In our study, three-pollutant models indicated that cerebrovascular admissions were more consistently associated with CO. Our models also suggested a clear time course of pollution effects on cerebrovascular admissions by different air pollutants. There were 0-day lag for O 3 , 2-day lag for CO, and 3-day lag for particulate matters. Our results indicated Figure 1 ORs of hospital emergency admissions for cerebrovascular diseases attributable to IQR changes in air pollutant levels for different lag models with a maximum lag of 3 days. that gaseous air pollutants related to vehicle emissions and photochemical formation were more significantly associated with cerebrovascular admissions than other particulate air pollutants in the urban environments of Taipei.
It has been proposed that air pollution can induce alveolar inflammation, leading to exacerbation of pre-existing lung disease, increased blood coagulability, and an associated increased risk of cardiovascular events. 21 Such biological plausibility may also be applied to the association between air pollution and cerebrovascular diseases. Studies have shown that exposures to concentrated ambient PM and O 3 would produce an inflammatory response in humans, 22, 23 animal models, 24, 25 and in vitro cellular models. 26, 27 It has been reported that high concentrations of CO, as carboxyhaemoglobin (COHb) in blood, could produce signs and symptoms of headache, dilation of the cutaneous blood vessels, and dyspnoea in exposed subjects when their COHb concentrations were over 10%. 28 An in vivo study also showed that high concentrations of CO could also impair pigeons' cardiovascular system by damaging their arterial walls. 29 However, no current study is available to explain whether such a physiological response to high CO concentrations can also occur at comparatively low ambient concentrations. There are other important effects such as systemic oxidant stress and inflammation that are likely to contribute to altered endothelial function and atherosclerotic plaque instability. 21 These effects are quite possibly present in the cerebrovascular system, although at this time there is no proof.
It should be noted that emergency admissions for haemorrhagic and ischaemic strokes were not associated with any air pollutants in single-pollutant models in this study. Given that there are only 690 and 1494 cases from haemorrhagic and ischaemic stroke admissions, respectively, over the 2090 study days, we believe that insufficient sample size is possibly the reason why no air pollutants were significantly associated emergency admissions for either haemorrhagic or ischaemic stroke in our study. Apparently, no differences in pollution effects on ischaemic vs. haemorrhagic stroke were found in single-pollutant models because the CIs for many of these estimates included 1. However, 100% of the ORs for gaseous pollutants were 1 or above for ischaemic stroke, whereas only 31% (5/16) of the ORs were above 1 for haemorrhagic stroke in Table 3 , which indicated air pollution could have more marked effects on ischaemic stroke than on haemorrhagic stroke. These findings partially provide additional support to the study showing that elevation in PM 10 , CO, NO 2 and SO 2 may increase the risk of ischaemic stroke, but not haemorrhagic stroke. 6 Previous studies on cerebrovascular mortality and morbidity have reported seasonal and temperature effects on cerebrovascular mortality and morbidity. [30] [31] [32] [33] We believe that the association between urban air pollution and cerebrovascular admissions in this study was not confounded by either seasonal or temperature effects because we have adjusted long-term trend in years and months and short-term temporal variation in day-of-week, as well as daily averaging temperatures in our models. Our results also confirmed that low ambient temperature was associated with the increase in cerebrovascular morbidity reported in one previous study, 33 because ambient temperature was negatively associated with emergency admissions for cerebrovascular diseases in this study. Although a U-shaped relation between temperature and cerebrovascular mortality was reported in a previous study, 34 we have not observed such kind of relation between temperature and cerebrovascular admissions in our data.
Because we used the number of cases rather than rates of occurrence of cerebrovascular diseases to estimate the association between air pollution and cerebrovascular admissions, the model-determined association could possibly be confounded by an ageing population or by population change over the 6-year period from 1997 to 2002. However, such a confounding effect was likely to be limited because we found no significant changes in population rates (18.2-17.5%) for residents aged above 50 in Taipei over the study period.
We used air pollution levels from air monitoring stations to represent individuals' exposures. Therefore, we could not avoid the measurement error of misclassifying our subjects' exposures to air pollutants, especially PM 2.5 measured only by two air monitoring stations in Taipei. Such exposure misclassification can bias our outcomes towards either null or positive results, as reported in previous studies. 35, 36 It is likely that NO 2 and PM 10 measured at the air monitoring station may not properly represent our subjects' actual air pollution exposures. Furthermore, it is the older people who get most of the cerebrovascular diseases, and many of them are disabled and may stay most of their time indoors. Therefore, we still cannot entirely rule out the effects of other air pollutants, such as PM 10 and PM 2.5 , on increasing emergency admissions for cerebrovascular diseases in this study. It should also be noted that Taipei is a subtropical city; therefore, our findings may not be readily extrapolated to other locations with different population characteristics, environmental, and meteorological conditions. Regardless the limitation, we conclude that urban air pollution can increase emergency admissions for cerebrovascular diseases among adults aged above 50 in Taipei. Among the measured air pollutants in Taipei, we conclude that CO and O 3 are stronger predictors of cerebrovascular admissions than other pollutants. However, epidemiological studies and more direct measure of vehicular traffic, such as black carbon or particle number, are still needed to confirm the contribution of different components in urban air pollution to increase emergency admissions for cerebrovascular diseases in Taipei. Further toxicological studies are also recommended to elucidate the biological mechanisms and pathogenetic processes in the cerebrovascular system induced by urban air pollution.
